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Abstract
Photoreceptors of the lizard parietal eye, unlike rods and cones but like most invertebrate photoreceptors, respond to light
under dark-adapted conditions with a depolarization. Using excised-patch recordings, we have nonetheless found a cGMP-gated,
non-selective cation channel present at high density at the presumptive light-sensitive part (the outer segment) of these cells. This
channel resembles the rod cGMP-gated channel in its activation characteristics, and by showing a relative non-selectivity among
alkali monovalent cations, a high permeability to Ca2, a high sensitivity to L-cis-diltiazem, as well as a negative modulation by
Ca2 –calmodulin. This channel appears to mediate phototransduction by opening in the light to produce the depolarizing
response. © 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction
In vertebrates, the rods and cones of the lateral
eyes hyperpolarize upon illumination. This response is
generated by a cGMP signaling cascade which leads
to cGMP hydrolysis and consequently the closure of
cGMP-gated, non-selective cation channels open in
darkness [1–4]. In lizards and some other lower verte-
brates, there is, in addition, a parietal (third) eye at
the top of the head [5]. This eye has a cornea, a lens
and a retina in similar positions as in the lateral eyes.
However, the parietal-eye retina is simpler than the
lateral-eye retina, with only two types of neurons:
photoreceptors and ganglion cells [5]. The photorecep-
tors resemble rods and cones in morphology, but their
outer segments orient toward incident light, and not
away from it as with rod and cone outer segments.
The outer segment of the parietal-eye photoreceptor
has an ultrastructure like that of the cone outer seg-
ment, consisting of numerous membranous discs in
continuity with the plasma membrane [5]; by analogy
to the latter, the outer segment of the parietal-eye
photoreceptor is presumably where phototransduction
takes place. With single-cell recordings, Solessio and
Engbretson [6] discovered that, under dark-adapted
conditions, the parietal-eye photoreceptor depolarizes
to light, opposite to the hyperpolarizing light re-
sponses of rods and cones. Depolarizing light re-
sponses are characteristic of most invertebrate
photoreceptors, and are thought to involve a phos-
phoinositide signaling pathway (see, for example, [7–
9]). The question thus arises as to whether the
parietal-eye photoreceptor uses a cGMP or a phos-
phoinositide signaling cascade for phototransduction.
We have addressed this question by asking whether a
cGMP-gated cation channel, which is a key compo-
nent in the cGMP phototransduction pathway in rods
and cones, is also present on the outer segment of
this photoreceptor. Indeed, we have found such a
channel present at high density selectively in this loca-
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tion. Furthermore, this channel resembles the rod
cGMP-gated channel in properties.
Most of the results described here have already
been published [10].
2. Methods
The side-blotched lizard, Uta stansburiana, was
used in all experiments. The parietal eye was dissected
free from the animal and immersed in CO2-indepen-
dent medium (CIM, GIBCO). After successive treat-
ments with collagenase, pronase and trypsin, the
retina was isolated and triturated with small-diameter
glass pipettes to yield dissociated cells [6,10]. The cells
were plated onto glass coverslips that had been pre-
treated with concanavalin A and were used within a
few hours.
Patch-clamp recordings were carried out at room
temperature. The patch pipettes were made from
borosilicate glass capillaries and had tip–lumen di-
ameters of 51 mm. In single-channel recordings, as
well as noise and capacitative-current measurements,
the exterior of the pipette tip was coated with Sylgard
elastomer (Dow Corning) in order to reduce electrical
noise and wall capacitance. Na solution without diva-
lent cations generally contained 140 mM NaCl, 0.5
mM Na–EGTA, 0.5 mM Na–EDTA, 10 mM Na–
HEPES, pH 7.6. Solutions containing buffered free
Ca2 had, instead of Na–EGTA and Na–EDTA, 2
mM Na–NTA (nitrilotriacetic acid) and the following
added CaCl2 concentrations: 920 mM (50 mM free
Ca2) and 1.312 mM (100 mM free Ca2); for higher
divalent-cation concentrations, no buffer was added.
Iso-osmotic divalent-cation solutions contained 93
mM CaCl2, BaCl2, SrCl2 or MgCl2 instead of NaCl,
and TMA (tetramethylammonium)–HEPES was used
instead of Na–HEPES. In some experiments, an agar
bridge containing 1 M KCl was added between the
AgAgCl ground electrode and the bath solution in
order to minimize the junction potential. The concen-
tration of cGMP was generally 1 mM and was added
as a Na salt, but the free acid of cGMP was used
when it was necessary to completely eliminate Na.
In all calculations involving reversal potentials, ion
activities [11,12] were used instead of concentrations.
3. Results
Inside-out membrane patches were excised from the
outer segments of dissociated parietal-eye photorecep-
tors. Bath-applied cGMP elicited a pronounced mem-
brane current from most of these excised patches (85
out of 120); the rest might have been sealed-off vesi-
cles. cAMP was much less effective. The current
could be repeatedly activated by cyclic nucleotides
without ATP, suggesting a direct effect. The activa-
tion of the current by cGMP had a half-activation
constant (K1:2) of 20 mM and a Hill coefficient of 2.1
at 60 mV. The blocker L-cis-diltiazem inhibited the
channel with an IC50 of ca. 3 mM at 60 mV and
Ca2 –calmodulin reduced the current maximally by
about half through increasing K1:2. Overall, these
properties are similar to those of the retinal cGMP-
gated channels; furthermore, the last two characteris-
tics indicate that the channel is more rod-like rather
than cone-like [13,14].
The depolarizing light response of the dark-adapted
parietal-eye photoreceptor is associated with a mem-
brane-conductance increase and a reversal potential
near zero [6]; thus, the phototransducing channel ap-
pears to be non-selective among cations. For the
cGMP-gated channel in question, changing the bath
(i.e. cytoplasmic-side) NaCl concentration in our
preparation from initially symmetrical (divalent-free)
NaCl solutions shifted the reversal potential, Vrev, in
a Nernstian manner expected of a cation channel.
Thus, increasing bath NaCl concentration shifted Vrev
to a negative value, and decreasing NaCl concentra-
tion shifted Vrev to a positive value. From the respec-
tive shift in Vrev upon replacing all bath Na with
Li, K, Rb or Cs, the permeability ratios
PLi:PNa:PK:PRb:PCs were estimated to be
1.23:1.0:0.83:0.58:0.39. Thus, the channel is relatively
non-selective among monovalent cations, same as the
phototransducing channel of the intact cell.
With 2 mM Ca and 1 mM Mg2 present extra-
cellularly (i.e. in the pipette), the current–voltage re-
lation of the channel was strongly outward-rectifying,
unlike the near-linear relation in the absence of diva-
lent cations. Thus, the channel is also blocked by
divalent cations as the rod channel [13,14]. To test
for divalent-cation permeation through the channel,
we replaced all bath Na with divalent cations (cf.
[15]). Indeed, at positive voltages, an outward current
was observed that could only be carried by divalent
cations. The Ca2 permeability was quantified by
adding bath CaCl2 to symmetrical NaCl solutions (cf.
[16]). Ca2 reduced the macroscopic current in a way
expected for a permeant blocker (namely, a gradual
relief of block was observed at increasingly positive
voltages; see [15–17]) and shifted Vrev to more nega-
tive voltages. From the quantitative dependence of
Vrev on Ca2 activity, we arrived at a high PCa:PNa
ratio of 10.3, similar to that for the rod channel mea-
sured under identical conditions (see ref. [10] for de-
tails). Whether this channel is molecularly identical to
the rod channel, or represents a new member of the
family of cGMP-gated channels, can only be deter-
mined by the cloning of its cDNA.
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If the cGMP-gated channel is specifically involved
in phototransduction, it should be present exclusively,
or at a much higher density, on the outer segment.
The maximum current elicited by cGMP, Imax, from
an excised patch is given by ImaxNP0i, where N is
the number of channels in the patch, P0 is the open
probability of the liganded channel and i is the single-
channel current. P0 and i can be estimated using noise
analysis, as follows. Assuming the channel has only
two states, one open and one closed, the variance (s2)
and mean (I) of the macroscopic current at different
cGMP concentrations are related by the equation
s2IiI2:N [18,19]. The variance is zero when the
channel is constantly closed (P00) and also when
the channel is constantly open (P01). In a plot of
s2 against I, by extrapolating the data to zero vari-
ance at non-zero I according to the above equation,
which fits the data well, one can estimate the macro-
scopic current in the limiting case of P01. Dividing
this current into Imax measured experimentally, one
obtains P0 at high cGMP concentrations (see ref. [10]
for details). From the initial slope in the same plot, i
(effective single-channel current) can also be mea-
sured. From four experiments at 60 mV, we found
P00.94790.024 and i1.3790.20 pA (mean9
S.D.). N was also derived from the same experiments
using the above equation. However, these experiments
were difficult to carry out in large numbers because
they required long stability of a patch. Instead, we
applied the above estimated P0 and i values (which
should be constant across patches) to other patches
from which only Imax was measured, and used N
Imax:iP0 to evaluate N. At the same time, the area of
each patch with evaluated N was estimated from ca-
pacitative-current transients (cf. [20,21]; see ref. [10]
for details). We found an approximately linear rela-
tion between channel number and patch area, indicat-
ing a fairly uniform channel density on the outer
segment, with a value (ca. 140 channels:mm2) coinci-
dentally similar to that measured from the amphibian
rod outer segment [21,22]. By comparison, membrane
patches excised from the adjacent part of the cell (in-
ner segment) showed a channel density ca. 100-fold
lower. Thus, the cGMP-gated channel seems to be
concentrated on the outer segment, suggesting that it
probably has a role in phototransduction. We did not
detect the obvious presence of any other type of ion
channel on the outer-segment membrane, but we had
not seriously examined this question.
Recordings from intact parietal-eye photoreceptors
suggested that the opening of the cGMP-gated chan-
nels indeed generated the depolarizing light response.
For example, the cGMP-gated channel blocker L-cis-
diltiazem was found to block the cell’s response to
light.
4. Discussion
Like the pineal gland, the parietal eye is develop-
mentally an outgrowth of the diencephalon [5]. In
lower vertebrates and bird, the pineal gland is light-
sensitive [23–26]. As with rods and cones, the pineal
photoreceptor hyperpolarizes to light due to a mem-
brane-conductance decrease [23,24,26] and it likewise
has a cGMP-activated, non-selective cation channel
[27,28]. By contrast, the parietal-eye photoreceptor,
though having a ciliary photosensitive structure like
rods, cones and pineal photoreceptors, depolarizes to
light under dark-adapted conditions, a response char-
acteristic of most known invertebrate photoreceptors
with a rhabdomeric (microvilli-derived) photosensitive
structure [29]. Indeed, it is the only known ciliary
photoreceptor, vertebrate or invertebrate, that depo-
larizes to light. The phototransduction mechanism in
rhabdomeric photoreceptors is still unclear, but exist-
ing evidence argues strongly for the involvement of a
phosphoinositide pathway [7–9]. Our findings, along
with recent work on a hyperpolarizing photoreceptor
in scallop [30,31], therefore suggest a fundamental
principle; namely, ciliary photoreceptors, whether hy-
perpolarizing or depolarizing, vertebrate or inverte-
brate, uniformly employ a cGMP signaling cascade
for phototransduction. In other words, the polarity of
the light response does not speak for the underlying
phototransduction mechanism. Table 1 summarizes
the known transduction pathways in ciliary photore-
ceptors. Despite the common cGMP-signaling motif,
the details of phototransduction do vary among these
cell types. In rods and cones, and most probably
light-sensitive pinealocytes, light lowers cGMP to
close a cGMP-activated, non-selective cation channel,
producing a hyperpolarization. In the hyperpolarizing
photoreceptors of scallop, the light response results
from the opening of a cGMP-activated K-channel,
presumably due to a cGMP rise [30,31]. Finally,
as mentioned above, light also appears to elevate
cGMP in the parietal-eye photoreceptors, but in
this case producing a depolarization by opening
a cGMP-activated, non-selective cation channel.
Further understanding of the phototransduction
processes in various ciliary photoreceptors may
provide insights into the evolutionary lineage of these
cells. At the same time, the rich variations on a com-
mon motif found among ciliary photoreceptors make
one wonder whether the phototransduction mecha-
nisms in different rhabdomeric photoreceptors (the
other major type in the animal kingdom), such as the
well-known examples in Limulus, Drosophila and
squid, likewise show interesting variations on a shared
design.
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Table 1
Summary of phototransduction mechanisms in various ciliary photoreceptors (see text). Taken from Finn et al. [10]
Light-sensitive pinealocytes Partial eye photoreceptorsRods and cones Scallop hyperpolarizing
photoreceptors
Vertebrate Vertebrate InvertebrateVertebrate
LightLight Light Light
¡ ¡¡¡
¡¡ ¡ ¡
¡ ¡ ¡ ¡
cGMP ¡cGMP ¡ cGMP   cGMP  
¡¡ ¡ ¡
cG-activated nonselective cation cG-activated K-selectivecG-activated nonselective cationcG-activated nonselective cation
channelchannel channel channel
OPENOPENCLOSEDCLOSED
¡¡ ¡ ¡
Hyperpolarization HyperpolarizationHyperpolarization Depolarization
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